Psychiatric illnesses are multidimensional behavioral disorders that affect the most complex organ in man -the brain. Genetic contributions to the pathogenesis of schizophrenia, major depressive disorder (MDD), bipolar disorder, and other mental conditions are significant and well established. However, mutations in a single gene cannot account for the full spectrum of symptoms that characterize each of these disorders; variation in multiple genes must occur. Moreover, the complexity of the brain has hampered efforts to discover how genetic and environmental factors cause disease at a molecular level. To simplify the problem, researchers have broken down psychiatric illnesses into fundamental components (symptom clusters or domains) that are more closely linked to the effects of a single or limited number of genes. These simpler components have been termed endophenotypes -characteristic observable behaviors (e.g., prepulse inhibition [PPI] in schizophrenia) presumed to be modulated by specific genetic defects [1, 2] . Here, I make the case for investigating protophenotypes -endophenotypes conKeywords Anorexia · Antidepressants · Antipsychotics · Endophenotypes · Major depressive disorder · Protophenotypes · Schizophrenia Abstract Endophenotypes and Research Domain Criteria (RDoC) represent recent efforts to deconvolute psychiatric illnesses into fundamental symptom clusters or biological markers more closely linked to genetic influences. By taking this one step farther, these biomarkers can be reduced to protophenotypes -endophenotypes conserved during evolution -with counterparts in lower organisms including Caenorhabditis elegans and Drosophila. Striking conservation in C. elegans of genes that increase the risk for mental illness bolsters the relevance of this model system for psychiatric research. Here, I review the characterization of several protophenotypes that are relevant for asociality, avolition/anhedonia, prepulse inhibition, and anorexia. Interestingly, the analogous behavioral defects in C. elegans are also corrected by psychotropic drugs used to treat the corresponding symptoms in man and/or are mediated by the same neurotransmitters. Overall, there is much we can learn about the complex human brain by studying simpler nervous systems directing evolutionarily conserved behaviors.
served during evolution -relevant for psychiatric illnesses in the model organism Caenorhabditis elegans.
Can model organisms reveal new information that helps us understand complex psychiatric disorders in man? At first glance, this seems unlikely because the evolutionary distance is so great and the structure of the nervous system of model organisms is too simple, e.g., there is no frontal cortex or limbic system. However, many behaviors essential for life have been conserved through evolution such as motivation to find food and mates and engaging in social activity. Furthermore, evolution requires that successful solutions to a problem crucial for survival (e.g., locating food) are selected rather than discarded and are embellished upon rather than reinvented to meet the needs of more advanced organisms in the evolutionary chain. This line of reasoning provides the logical framework for studying model organisms to learn about psychiatric illness, but is there any preliminary evidence that actually supports this notion?
Several intriguing observations encourage further investigation of simple model organisms in relation to psychiatry. First, Oliver Hobert [3] in a 2003 review referred to C. elegans mutant animals "hallucinating" the presence of food. This off-hand comment suggested that C. elegans might indeed experience false sensory signaling or misperceptions (sensing something that is not there) -the fundamental basis for hallucinations of any kind. Second, early studies by our group showed that antipsychotic drugs that cause weight gain in man induced lipid accumulation in C. elegans [4] indicating a conserved physiological response to psychiatric drugs. Finally, we searched the C. elegans genome for counterparts to schizophrenia risk genes identified in the largest genome-wide association study [5] and found that these genes were shared between nematode and man at a higher rate than genes in general. This suggests that many of the schizophrenia risk genes were conserved during evolution because they are involved in essential life processes common to animal species.
Previous articles have focused on the use of C. elegans to understand learning and memory [6] , movement disorders [7] , and drug addiction [8] . Little has been written about its utility for learning more about mental illness. This review will describe the use of C. elegans to model aspects of various psychiatric disorders, in particular schizophrenia, major depression, and anorexia nervosa (AN). The advantages and limitations of this approach will be discussed. Hopefully, the work highlighted here will inspire the creative use of model organisms to gain new insights into endophenotypes of psychiatric disorders at the molecular, genetic, and even circuitry-based level of resolution.
Protophenotypes as Precursors of Endophenotypes
Previously, protophenotypes were defined as the earliest form of an endophenotype that was conserved from primitive organisms, including mice, zebrafish, and C. elegans, to man [9] . Furthermore, to count as a protophenotype, a behavior should: (1) be regulated by conserved genes, even if those responsible have not been identified, (2) exhibit characteristic and relevant pathological features, and (3) be modified by drugs used to treat the human disorder associated with the corresponding endophenotype. The concept of protophenotypes is consistent with the idea of emotion primitives proposed by Anderson and Adolphs [10] to describe precursors of emotions shared across species. Darwin [11] articulated the original version of this argument by suggesting conservation of emotional expression from lower animals to man and recognition of these emotional states via similar features or phenotypes. While C. elegans may not experience paranoid delusions, animals can show defects in motivation and social interactions -major components of schizophrenia. Whereas worms may not be capable of feeling worthless or sad, they do show apathy and altered appetite -clinical features of MDD.
The concept of protophenotypes is consistent with the shift in research emphasis by NIMH toward Research Domain Criteria (RDoC) to define behavioral aspects of mental illness [12, 13] . When symptoms of psychiatric disorders are reduced to the 5 domains, it is easier to see parallels for these domains and their associated constructs in model organisms. Based on this perspective, I will discuss 4 protophenotypes (summarized in Table 1 ) that appear to be relevant for schizophrenia, MDD, and eating disorders. Each protophenotype has one or more counterparts in RDoC domains: social feeding (Systems for social processes and Negative valence systems), immobility (Positive valence systems), startle suppression of pharyngeal pumping (Arousal/modulatory systems), and anorexic phenotypes (Negative valence systems).
Social Withdrawal and Asociality versus Social Feeding
Social withdrawal or asociality is a prominent negative symptom of schizophrenia [14] . A combination of genetic and clinical studies of schizophrenic patients has established asociality as an endophenotype that is also observed in close relatives [15, 16] . In general, social behavior in social species is a delicate balance between competition where the individual gets ahead (more food, better habitat, etc.) and cooperation where the group prospers, e.g. safety in numbers against powerful predators. Due to this inherent tension, social behavior exhibits mixed valency with both positive and aversive aspects. In its pathological form in schizophrenia, asociality leads to anxiety in group situations, withdrawal from social interactions and suspiciousness of others.
Social interactions are widely observed in common model organisms, including Drosophila and C. elegans [17] . In C. elegans, the main example of social behavior is called social feeding characterized by aggregation of animals into clumps on food and bordering at the edge of a bacterial lawn [18, 19] as compared to solitary feeding of the wild-type N2 reference strain. Social feeding has previously been validated as a suitable protophenotype for social withdrawal based on the following findings [9] . (1) It is caused by a loss-of-function (lf) mutation in a gene (NPY receptor) conserved from C. elegans to man [18] . Interestingly, NPY levels are reduced in the brains of schizophrenic patients [20] , and mice with the NPY Y2 receptor knocked out exhibit schizophrenia-like deficits [21] . (2) The social feeding phenotype is schizophreniarelevant in two areas. There is a significant correlation between CSF concentrations of NPY and ratings of social competence in schizophrenic patients [22] . Secondly, the behavior of npr-1(lf) animals is motivated by avoidance of perceived aversive conditions, which is consistent with the role of NPY as an anxiolytic agent in rodents [23, 24] . (3) Drugs used to treat schizophrenia reduce social feeding in C. elegans (via tranquilizing effects?). This includes a broad spectrum of antipsychotic medications: chlorpromazine, haloperidol, fluphenazine, and olanzapine [9] . Fluphenazine is intriguing because it was used as an anxiolytic tranquilizer when first introduced into clinical practice.
Additional strains (e.g., CB1372 daf-7(e1372)) exhibit social feeding [19] . By contrast, the daf-7 mutation affects a TGF-β family member involved in development and CO 2 avoidance. This last behavior is notable because npr-1(lf) strains show enhanced O 2 avoidance, which explains why they border due to lower O 2 levels at this location on the lawn [25] . Aggregation would likewise reduce ambient O 2 levels experienced by animals that form a clump. Thus, bordering and aggregation reflect aversive responses to a perceived threat -high O 2 levels -and suggest a relative state of agitation or physical discomfort. In terms of RDoC constructs, social feeding involves negative va- lence systems related to potential threat (elevated levels of O 2 ) and social processes (affiliation) to reduce ambient O 2 concentrations. Thus, the social aspect of aggregation in C. elegans is not mediated via bonding or positive motivations (e.g., increased eating), but by avoidance and safety-in-numbers considerations. The relevance of social feeding for social withdrawal is further supported by the neurochemistry involved. Dopamine and serotonin mediate the sense of threat and avoidance behavior, whereas drugs that inhibit aggregation block dopamine and serotonin receptors [9] -the main targets of antipsychotic drugs. Moreover, these same drugs inhibit social feeding in daf-7(e1372) animals [Dwyer, unpubl. obs.] . Of course, the neurochemistry and circuitry controlling social feeding cannot match the complexity of interactions in the brain stem-limbic system-frontal cortex that underlie social activity in man. Nevertheless, the predictive value of the model and its strong correlation with neurochemical defects in schizophrenia are very encouraging.
Anhedonia, Apathy, and Avolition versus Immobility and Diminished Motivation
Diminished motivation states constitute endophenotypes in both MDD and schizophrenia. In MDD, anhedonia and apathy are considered biological markers contributing to the overall picture of depression [26, 27] . In schizophrenia, avolition is considered an endophenotype that contributes to the negative symptoms [15, 28, 29] . In both cases, the most fundamental and shared feature is diminished motivation to either enjoy life or initiate productive activities of life.
Recently, a protophenotype for diminished motivation has been reported in C. elegans [30] . Mutant animals with temperature-sensitive loss of function in insulin/ IGF-1 signaling (IIS) via the insulin receptor (daf-2) become immobile when they experience acute food deprivation in the presence of low concentrations (0.8-1%) of DMSO. A second mutation in syntaxin (unc-64), which regulates release of neuropeptides including insulin, produces a similar avolition/apathy phenotype. The animals are capable of moving in response to touch or exposure to aversive chemicals -they are not paralyzed. However, they fail to exhibit self-directed movement and remain in the same location on the plates until they die. Normally, acute food deprivation stimulates animals to increase their activity and commence distinctive foraging behavior to find food. By remaining immobile, animals override instinctual programs that motivate survival behavior. In a very real sense, the worms are "suicidal" -they will die due to their inaction.
On the surface, the lack of self-directed behavior in IIS-deficient animals resembles either tonic immobility states induced by stress (e.g., "playing possum") and thus catatonia [31] , or immobility in the forced swim test, which is an established model of depression and despair in rodents [32] . The main treatment for catatonia -benzodiazepines -failed to correct immobility, whereas antidepressants and certain second-generation antipsychotic drugs stimulated normal foraging [30] . Based on the pharmacology and the genetics of the response, this C. elegans protophenotype was considered more relevant for diminished motivation underlying the anhedonia and avolition characteristic of depressive states or negative symptoms. Alternatively, the immobility may reflect aberrant risk-reward calculations or effort allocation such that animals conserve effort rather than searching for food because they sense little chance for reward.
Avolition/apathy in the model is maintained by excessive muscarinic cholinergic and serotonergic signaling. This was confirmed by overcoming immobility with muscarinic receptor antagonists (e.g., atropine and pirenzepine) and 5-HT2 receptor-selective inhibitors (e.g., ritanserin and cyproheptadine). These findings provide support for the potential clinical relevance of this model because antimuscarinic agents (e.g., scopolamine [33] ) and 5-HT2 receptor antagonists have both been used to treat depression [34, 35] . The diminished motivation is also improved by certain antipsychotic drugs (clozapine and olanzapine) with superior efficacy against negative symptoms, including suicide attempts/ideation. Moreover, drugs that decrease immobility in rodents in the forced swim test likewise reduce immobility in C. elegans. Given the evolutionary distance between C. elegans and vertebrates, it is remarkable that these drugs produce the same effects on immobility.
The clinical significance of this protophenotype is further highlighted by the following observations. First, induction of immobility in C. elegans requires loss of function in IIS, which is linked to diabetes in man. Second, in patients diagnosed with diabetes, there is a 2-to 3-fold increase in the incidence of depression [36] , which includes anhedonia and apathy. Third, diabetic mice show increased immobility in the forced swim test and this is reversed by insulin [37] . Taken together, these findings provide supportive evidence for the idea that insulin plays an evolutionarily conserved role in mediating motivation. A scheme for how IIS may regulate neuronal activ-ity is shown in Figure 1 . It will be important in the future to confirm the pathways, fill in gaps in our knowledge and establish the circuitry involved.
PPI and Exaggerated Startle versus Startle Inhibition of Pharyngeal Pumping
A defect in sensorimotor gating revealed by the PPI task is considered to be a biological marker of schizophrenia [38, 39] , although it is also found in individuals with other brain disorders [39] . PPI refers to the inhibition of a reflexive response (e.g., startle by a loud tone) when a prepulse (softer tone) is presented shortly before the startling stimulus. Schizophrenic patients and their close relatives show less inhibition than normal subjects on this task, i.e. less suppression of their startle response. In general, excessive startle and arousal is observed in people with schizophrenia.
The neurochemistry and circuitry underlying PPI has been extensively characterized in rodent models and in humans to a lesser degree. These studies reveal that dopamine, GABA, and glutamate are the major neurotransmitters involved [38, 40] . PPI is mediated via stimulus processing in the brain stem and sensorimotor gating at the level of the midbrain with modulatory input from higher brain regions. The entire circuitry is referred to as the cortico-striatal-pallido-pontine system [39, and references therein].
The startle response is an ancient reflex that has been conserved through evolution [41] . Functionally equivalent behaviors are evident in mice, zebrafish, and C. elegans. One caveat concerns how closely startle in C. elegans mimics the startle response of mammals with the biggest difference being the potential for top-down modulation of reflexive behavior -an embellished function of more highly developed mammalian nervous systems. In C. elegans, touch on the tail with a wire pick briefly inhibits pharyngeal pumping, which is normally continuous at a high rate. This startle response is referred to as startle inhibition of pharyngeal pumping and represents a potential protophenotype for PPI. From the work of Keane and Avery [42] , we know that GABA and glutamate regulate suppression of pharyngeal pumping in C. elegans. The pathway includes glutamate-activated Cl -channels whose closest homolog in humans is the glycine receptor (GLRA1). This gene in man has been implicated in an exaggerated excitability syndrome known as hyperekplexia characterized by excessive startle in response to mild stimuli and spasmodic stiffening of muscle [43] . Generalizations from simpler systems, such as this, help to validate the kind of behaviors that have been conserved during evolution.
Additional studies [Dwyer, unpubl. obs.] reveal that dopamine plays a major role in the regulation of startle inhibition of pumping in C. elegans. In the absence of dopamine, there is prolonged inhibition of pumping, which is consistent with the idea that failure to inhibit during PPI in schizophrenic patients is due to elevated dopamine levels. Furthermore, dopamine's actions in the C. elegans response require D2 dopamine receptors. This strengthens the pharmacological evidence for overlap between PPI and the startle inhibition response; however, this model is not a precise counterpart because there is no prepulse. Like PPI, startle inhibition in C. elegans is regulated by higher-order interneurons that integrate various signals including the fed state of the animal [42] .
The similarities between PPI and startle inhibition extend beyond the neurochemistry and may provide in- sights into underlying neural circuitry -one of the goals of the RDoC reformulation of psychiatric illnesses. Neuronal connectivity in the C. elegans nervous system has been mapped in exquisite detail. To explain how touch on the tail communicates with pharyngeal neurons to inhibit pumping, a simplified neural circuit has been constructed (Fig. 2a) . What has been termed a countercircuit is at the core of this scheme in order to explain the role of dopamine. The dopaminergic neurons ADE and CEP connect to each other and both express G oα -coupled D2 dopamine receptors. Although they share some common upstream inputs, they also receive synaptic signals from distinct sets of neurons. This countercircuit would operate in the following way. ADE neurons release dopamine, which acts via D2 dopamine receptors (DOP-2) on CEP neurons to suppress their activity. By contrast, when CEP neurons are active, they will release dopamine to suppress the ADE neurons. Each set of neurons modulates different outputs that are often contrary, for example, enhanced slowing of movement upon food encounter versus rapid foraging upon food deprivation. These behaviors are incompatiblestaying to eat versus leaving to find food -yet this simple counter-circuit can easily mediate both with an economy of components. Human brain dopaminergic systems appear to display similar features as shown in Figure 2b . Three major dopaminergic pathways -nigrostriatal, mesolimbic, and mesocortical -are also arranged with collateral connections between pathways, expression of D2 receptors and incompatible behavioral outputs [44] [45] [46] [47] . For example, dopamine in the mesolimbic pathway would promote emotional behavior, which might simultaneously suppress mesocortical activity, thereby suppressing higherorder planning and logical thought. Thus, a highly emotional state would be incompatible with higher-order thinking and vice versa due to the inherent properties of the putative counter-circuit proposed here. The simplicity of the C. elegans system may have allowed discernment of a fundamental circuit arrangement that has been conserved during evolution of a bigger brain. Of course, the neural circuitry-mediating emotion and logical thinking is far more complicated in the human nervous system than suggested here. Nonetheless, it may be informative to explore the role of similar dopaminergic counter-circuits in vertebrates and in relation to behavioral regulation and pathological states.
AN and Restricted Caloric Intake versus Appetite Dysregulation and Anorexic Phenotypes
Overexpression of forkhead box O (FOXO) genes in Drosophila produces an anorexic phenotype characterized by apparent ambivalence toward food, decreased food consumption, reduced foraging, and slower reproductive maturation [48] . A similar decrease in foraging has been observed when FOXO (DAF-16) activity is increased in C. elegans [49] . Elsewhere, the relevance of these anorexic phenotypes for the human eating disorder, AN, has been documented [50] . This work draws attention to biological, as opposed to psychosomatic, origins for AN. Guisinger [51] has speculated that survival during times of famine required a subpopulation of individuals who had reduced interest in food, increased activity levels upon starvation, and denial of harm. What evolved as a successful approach to deal with recurring famine is now considered a pathological state when it manifests in times of plentiful food. Furthermore, the biological response to starvation is regulated by factors such as FOXO and 5′-AMP kinase that have been conserved from yeast to man [52] . Consequently, protophenotypes in model organisms related to appetite regulation and foraging are likely to be relevant for corresponding behavioral features of AN.
To validate the use of model organisms to study AN, drugs that cause anorexia (loss of appetite) in man have been evaluated for their ability to suppress foraging in C. elegans. Topiramate, acetazolamide, and furazolidone have been reported to cause anorexia as a side effect, and all of these drugs significantly decrease food seeking behavior [Dwyer, unpubl. obs.] . By contrast, cyproheptadine, used as an appetite stimulant [53] , and olanzapine, noted for causing weight gain in patients [54] , both enhance foraging in C. elegans. These studies are a start in the right direction. Obviously, a C. elegans model of AN cannot fully address factors such as body dysmorphia, obsession about appearance, and fear of gaining weight. However, if the biology of the starvation response is a bigger driving force behind anorexic behavior than is assumed, then basic studies in model systems may yield a better understanding of AN than has emerged from current approaches. Dopaminergic counter-circuit mediates opposing or contrary behaviors. a This scheme depicts neurons (three-letter designation in boxes) that connect the startle (touch) response to the only neuron, RIP, at the interface of the C. elegans head ganglia and the separate pharyngeal nervous system. The neuronal pathway that inhibits pumping has not been shown. To overcome startle suppression of pumping, the CEP neurons that innervate RIP must be inhibited. This is accomplished by dopamine (DA) released from ADE neurons acting through inhibitory D2 dopamine receptors (dop-2). The figure also shows how contrary behaviors, e.g. basal slowing vs. foraging, can be regulated by the counter-circuit. EJ refers to electrical or gap junctions between neurons. The dotted arrow from AVAR reflects an indirect connection to ADE mediated by additional neurons left out for simplicity. b Based on various studies [44] [45] [46] [47] , human brain dopaminergic pathways (labeled) appear to include counter-circuits in their neural architecture. The illustration represents a possible arrangement of local and trans-pathway collaterals that provide functional connections to regulate contrary behaviors. The striatum would mediate stay vs. move signals, whereas elements of the limbic pathway would promote foraging vs. eating. When the pathways act in concert, a person can either move and forage or stay and eat. Likewise, the mesocortical pathway can mediate planning and impulsivity in the prefrontal cortex, but not both at the same time. When one activity is high, dopamine release from that pathway will down-modulate the contrary activity. This arrangement is also a mechanism to fine tune ongoing activity in the primary pathway. 177 both surprising and encouraging that so many drugs originally optimized to treat human psychiatric illness also show potent activity in C. elegans against disease-relevant behaviors. Moreover, these drugs show selectivity in their actions. For example, antidepressants correct immobility in C. elegans, whereas benzodiazepines do not [30] . Therefore, immobility may be more relevant as a model for depression than for catatonia or anxiety disorders. Similarly, haloperidol and trifluoperazine affect social feeding, but not immobility [9] , which might indicate the relevance of social feeding for negative symptoms of schizophrenia but not depression. C. elegans has already been instrumental for the identification of new targets and signaling pathways affected by CNS drugs [55] . For example, studies of clozapine revealed that it binds to the trace amine-associated receptor TAAR1, which was then implicated in clozapine enhancement of PPI [56] . Moreover, two independent groups simultaneously identified the IIS pathway in C. elegans as a physiologically relevant target of a wide variety of antipsychotic drugs [57, 58] . This work discovered a novel mechanism for coactivation of the insulin receptor and identified a potential mechanism by which clozapine may induce diabetes insipidus and hypertension [59] . Thus, C. elegans can also be used to explore mechanisms related to the side effects of psychiatric drugs that may be the result of either unappreciated on-target effects or novel off-target ones.
In view of these various findings, it will be worthwhile to further evaluate the possibility that behaviors affected by psychiatric drugs in C. elegans are directly relevant for the human disorders treated with these same drugs. This line of thinking provided part of the original impetus for developing the concept of protophenotypes. By extension of this idea, what might lithium correct in C. elegans? Is the pathway or behavior affected relevant to bipolar disorder? Do anxiolytic agents affect any behavior in C. elegans? Responding to aversive threats (anxiety-inducing stimuli?) has certainly been shared across species, so there is the opportunity for relevance to anxiety disorders in man. Despite the obvious limitations to the use of C. elegans to inform us about human psychiatric illness cited throughout this review, the most serious restraint is simply the imagination of the investigator.
Conclusions and Perspectives
Genes implicated in genetic risk studies of psychiatric illness are largely conserved during evolution with clear homologs even in C. elegans. This finding suggests that most of these genes are essential for life because they play critical roles in evolutionarily conserved behaviors, including appetite regulation, motivation, social interactions, threat avoidance, effort allocation, and associative learning based on rudimentary reward systems. In view of this conservation of genes and behavior, C. elegans, Drosophila, zebrafish, etc. represent complementary systems for modeling fundamental behaviors or protophenotypes. The deconvolution of complex psychiatric diseases into protophenotypes is consistent with the RDoC initiative and, in fact, most domains and constructs have equivalents in simple model organisms. Naturally, investigation of genes unique to man or higher vertebrates that are involved in psychiatric illness or behaviors with no counterpart in model organisms provides additional insights otherwise unobtainable. However, these insights are only possible because of comparisons with less advanced species. If worms can form social connections, hallucinate, act "suicidal," and show changes in motivation and appetite based on gene mutations and psychotropic drugs, there is every reason to include them in research into genetic and molecular mechanisms contributing to psychiatric illness in man. By stretching our imaginations to envision the thread connecting behavior in C. elegans to man, we may make discoveries that would be impossible with a more conventional and parochial mindset.
